Optoelectronic and optical properties of poly(3-alkylthiophene) (P3HT) diluted in polystyrene (PS) matrices were investigated by flash-photolysis time-resolved microwave conductivity (FP-TRMC) and steady-state photoabsorption spectroscopy, respectively. We examined intra-and inter-molecular charge carrier mobilities in the blend and pristine P3HT films and found the contribution of inter-molecular one is half at the maximum in the pristine film. This in turn gave information about the minimum one-dimensional intra-molecular mobility of 0.18 cm 2 /Vs.
Introduction
In recent years, organic electronic devices such as organic field effect transistor (OFET) and organic photovoltaic cells (OPVc), have been rapidly developed, and conjugated polymers with high charge carrier mobility have received considerable attention because of flexibility, lightweight, facile tuning of optical and electrical properties via molecular design, and so on. 1) Charge carrier mobility, especially inter-molecular charge carrier mobility, is one of the most important factors for high-performance devices of OFET and OPVc. On the contrary, intra-molecular mobility is expected to be higher than inter-molecular one due to extent of conjugation along the main chain. However, the direct observation of intra-molecular charge carrier mobility has been difficult by conventional electric measurements.
For the removal of the contribution from inter-molecular charge carrier mobility, a convenient and effective way is that conjugated polymers are dispersed into an insulating matrix to reduce inter-molecular interactions, as illustrated in Figure 1 . However, it is difficult to measure the electrical conductivity of isolated conjugated polymer in the insulating matrix by using electrode-contact methods like field-effect transistor (FET) and/or time-of-flight (TOF). Instead, flash-photolysis time-resolved microwave conductivity measurement (FP-TRMC), 2, 3) one of the alternating current measurements, can be employed as an effective way of conductivity measurement in such an insulation matrix, because it can probe the oscillational motion of charge carrier under electromagnetic wave without contacting the semiconductors. In this work, we investigated a typical p-type conjugated polymer of regioregular poly(3-hexylthiophene): P3HT in polystyrene (PS) matrix using FP-TRMC and steady-state photoabsorption spectroscopy.
PS

Experimental
P3HT (weight-averaged molecular weight: M w = 1.0 × 10 5 ) and PS (M w = 2.8 × 10 5 ) were purchased from Aldrich and used without further purification. Transient photoconductivity was performed by FP-TRMC system. The detail of the system is reported in the literature.
2) A Nd:YAG laser (355 nm) (Spectra-Physics) with 4.6 × 10 15 photons/cm 2 was used as excitation source. All the experiments were performed under an ambient condition.
The blend films of PS and P3HT were prepared by drop-casting on a quartz plate from chlorobenzene solutions. The blend ratio was ranging from 0.05 to 20 wt % relative to 100 wt% PS and controlled by mixing the corresponding fraction of the original P3HT solution (0.1 wt%) and PS solution (10 wt%). The films were dried in a vacuum oven at 60 ˚C. Electronic absorption spectroscopy was performed using a JASCO model V-570.
Results and discussion
In order to investigate the P3HT conformation in PS, electronic absorption spectra were investigated for P3HT+PS films ranging contents of P3HT from 0.05 to 20 wt% . As shown in Figure  2 , the absorption maxima are abruptly shifted from 520 to 550 nm from P3HT : PS = 0.5 : 100 to 1 : 100. Simultaneously the absorption shoulders at around 600 nm are gradually grown. This shoulder is understood as a -stack and/or planarization of polythiophene backbone. The solvatochromism and thermochromism of regioregular and regiorandom polythiophenes were well documented in terms of the main chain conformation.
4) It should be noted that regioregular and regiorandom polythiophenes (PT) showed almost identical absorption spectra in a good solvent like chloroform and chlorobenzene; however, the absorption peak of regioregular PT in film state was red-shifted by about 100 nm in comparison with regiorandom PT. Besides, the vibronic peak appears at ca. 600 nm and a clear diffraction peaks were observable by X-ray diffraction measurement. 3) Recently, self-threading polythiophene (ST-PT) molecular wire covered by insulating alkyl chains has been synthesized, where the dihedral angle of neighboring two thiophenes are planarized by the alkyl insulators. 5) Interestingly, this ST-PT with rigid backbone shows vibronic shoulder even in a solution. These results are suggestive that the shoulder is due to the planarization and extension of persistent length of isolated polythiophene backbone, which leads to the strong intermolecular -stacking and the formation of crystalline lamellar domain in the film state. Actually, the planarization of polymer and -stacking occurs cooperatively during the transition from solution to film state. The electronic absorption spectra of P3HT+PS films shown in Figure 2 have the shoulder even at the lowest P3HT concentration, indicating that the polymer is planarized in PS matrix. Although both P3HT and PS possess hydrophobic nature, the small difference of surface energy (20 and 26 mJ/m 2 , respectively) has been reported to promote phase separation at high P3HT content. FP-TRMC measurements were performed for the P3HT+PS blend films using 355 nm as an excitation wavelength. At this wavelength, only P3HT absorbs the light source, forming excited states of P3HT. They dissociate into positive and negative charges within the time resolution of FP-TRMC system. The transient photoconductivity was converted to a  value, which is a product of  (quantum efficiency of charge carrier generation) and  (sum of mobilities of positive and negative charge carriers). Figure 2 , suggesting that inter-molecular transient conductivity of P3HT correlates directly with the backbone configuration of steady-and radical ionic states of the molecules. More interestingly, the thicker films prepared by two-time drop-casting (closed triangles) show a considerable increase of  max even at low P3HT content. During the second drop-casting, the initial thin film was dissolved again in the second droplet, giving highly-concentrated P3HT+PS solution on the quartz plate. Therefore intermolecular -stacking of P3HT occurs more efficiently in the thick films during the solvent evaporation. This is the case giving the dramatic increase of  max even at low P3HT content. Even for the thin films prepared from single casting of low concentration solutions, -stacking of P3HT becomes gradually predominant at more than 1 wt% P3HT, as shown in Figure 3 . Thus, we predict that P3HT molecules in the thin films of P3HT:PS = 0.05 -1: 100 are dispersed and isolated in the PS matrix.
The  max of pristine P3HT film ranges from 2 to 5 × 10 -4 cm 2 /Vs, depending on the solvent, concentration, and thermal annealing. Based on the same condition with the present study, the bare P3HT film showed  max of 2 × 10 -4 cm 2 , which was twice of the abovementioned isolated P3HT molecules in the PS matrix. 3) In the -stacked lamellar domain of P3HT, intermolecular excitons were generated more preferably than in amorphous phase, and thus the charge carrier generation efficiency () was enhanced. 7) Therefore some portions of the increase of  max found in the pristine P3HT film might be attributed to the increase of . This in turn implies that the contribution of inter-molecular charge carrier mobility to the  value is half at the maximum.  value of P3HT bulk film has been estimated by FP-TRMC using a perylenebisimide derivative as an electron acceptor and spectroscopic probe. suggestive that planarization of P3HT molecule from solution to film states improves both intraand inter-molecular charge carrier mobilities, where the latter is secured by the strong -stacking of the planar polymer backbone.
Conclusion
Transient photoconductivities of P3HT+PS blend films were investigated by FP-TRMC.
 max values of the thin films at low P3HT content (0.05 -1) were almost constant and dominated mainly by intra-molecular charge carrier mobility of isolated P3HT molecule. The increase of  max with P3HT content is consistent with the steady-state photoabsorption spectra. The minimum one-dimensional mobility was estimated as 0.18 cm 2 /Vs and the contribution of inter-molecular charge carrier mobility to the  max of pristine P3HT film is half at the maximum. We expect that intra-molecular charge carrier mobility is still higher than 0.18 cm 2 /Vs, which could be revealed by developing a novel matrix specific to FP-TRMC measurement.
